The response to vemurafenib in V600E BRAFϩve melanoma is short lived due to acquisition of vemurafenib resistance. Results: NRAS expression and increased MAPK activation drive vemurafenib resistance in V600E BRAFϩve melanoma. Conclusion: Resistance to vemurafenib in melanoma is complex and can be mitigated by MAPK and NRAS inhibition. Significance: These findings could lead to improved therapy of V600E BRAFϩve melanoma by targeting MAPKs and NRAS.
The incidence of melanoma in the United States is increasing faster than that of all other malignancies (1) . Although treatment outcome in early stage melanoma is generally good, advanced melanoma is highly treatment-refractory, and following systemic chemotherapy, overall response rates are ϳ20%, with complete response rates approaching only 5% and a median survival of only 4.5-12.5 months (2) (3) (4) . There is, thus, a continued need for a better understanding of the underlying biology and molecular mechanisms involved in the therapeutic response of these tumors in order to develop more effective therapies for them.
A common abnormality present in up to 60% of melanomas and their metastases is an activating mutation at nucleotide 1,796 in the proto-oncogene, BRAF, which changes codon 600 from valine to glutamic acid (V600E) and results in a constitutively activated BRAF oncogene and activation of its downstream target MAPK kinase, MEK1/2, and, ultimately the downstream MAPK target, ERK (5) (6) (7) . The activated BRAF 3 MEK 3 ERK pathway, resulting from the V600E BRAF, has been shown to drive melanoma cell proliferation and is implicated in poor therapeutic outcome in melanoma (5) (6) (7) . This strong relationship between the activated ERK pathway, increased melanoma cell growth, and the V600E BRAF mutation has led to significant efforts to target this pathway in the treatment of melanoma (8, 9) , and in 2011, vemurafenib was approved by the United States Food and Drug Administration for advanced melanoma therapy. Although, in clinical trials, BRAF-targeted therapy of melanoma has shown significant overall response rates, approaching 80%, the median duration of progression-free survival is less than 6 months (10) . Consequently, several groups are focusing efforts on gaining a better understanding of the mechanisms underlying such resistance with the hope that this will facilitate the development of alternative clinical strategies to improve melanoma therapy (11) (12) (13) (14) (15) . Important findings, to date, that have been shown to contribute to resistance to BRAF-targeted therapy include the identification, in preclinical tumor models, of activated NRAS mutations that act on downstream targets via CRAF; increased levels of CRAF that, by dimerization with BRAF, restores the signaling cascade; "rewiring" of the MAPK pathway, such that ARAF or CRAF can activate downstream targets; constitutively active MEK mutations; aberrant activation of MEK; enhanced RTK (PDGFR␤, EGFR, IGFR1) activity; and elevated levels of activated AKT that creates a prosurvival state in the cells (11, 12, 14, 16 -18) . Other studies have shown that melanoma cells become dependent on the MAPK pathway in the setting of vemurafenib resistance and that intermittent dosing strategies may combat this dependence and delay the development of resistance to vemurafenib (13) .
Despite these advances, the mechanisms underlying acquired resistance to BRAF-targeted therapy remain not fully understood, thus making it difficult to design more effective strategies to overcome it clinically. This study was undertaken to shed light on this important problem with a focus on the MAPK and the RAS/RAF pathways. We generated vemurafenib resistance in two V600E BRAFϩve human melanoma cell lines and, using the paired parental and resistant cells, investigated mechanistic aspects of the biology underlying the acquisition of vemurafenib resistance. These cell lines also provide a model and platform for further mechanistic investigations and for testing alternative novel therapeutic strategies for overcoming acquired vemurafenib resistance in melanoma.
EXPERIMENTAL PROCEDURES
Cell Culture-The DM443 (Duke Melanoma 443) cell line was derived from a primary specimen from a melanoma patient and was a generous gift from Dr. Hilliard Seigler (Duke University Medical Center). A375 was purchased from the American Type Culture Collection (ATCC, Manassas, VA). Both cell lines were maintained at 37°C and 5% CO 2 in Isocove's modified Dulbecco's medium, supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, and were confirmed to be free of mycoplasma before use in the experiments.
Reagents-Cisplatin was obtained from the Duke University Medical Center Pharmacy, melphalan was from Sigma-Aldrich, vemurafenib was from ChemieTek (Indianapolis, IN), and temozolomide was from Schering-Plough (now Merck). Antibodies against ERK1/2 (137F5) and phospho-ERK1/2 (Thr-202/Tyr-204), MEK1/2 (D1A5), and phospho-MEK1/2 (Ser-217/221), JNK and phospho-JNK (Thr-183/Tyr-185), p38 and phospho-p38 (Thr-180/Tyr-182), CRAF and phospho-CRAF (Ser-259), ARAF, phospho-ARAF (Ser-299), AKT (11E7) and phospho-AKT (Ser-473), and GAPDH were all purchased from Cell Signaling Technology (Danvers, MA). Antibodies against BRAF (F-7) and NRAS were from Santa Cruz Biotechnology, Inc. (Dallas, TX), whereas anti-human GSTP1 antibody (MSA-102) was from Assay Designs (Ann Arbor, MI). The cell-permeable small molecule-specific ERK inhibitor, 3-[2-aminoethyl)-5-(4-ethoxyphenyl)methylene]-2,4-thiazolidinedione⅐HCl (AEMT), 2 and p38 inhibitor, phenylaminodibenzosuberonediol (skepinone-L) were both purchased from Calbiochem.
The specific JNK inhibitor, N-(4-amino-5-cyano-6-ethoxy-2-pyridinyl)-2,5-dimethoxybenzeneacetamide (TCS JNK 60), was purchased from Tocris (Minneapolis, MN). All other reagents, unless otherwise stated, were from Sigma-Aldrich.
Generation of Vemurafenib-resistant Human Melanoma Cell Lines-To generate vemurafenib-resistant melanoma sublines, exponentially growing cells of the two parental cell lines, A375 and DM443, were treated with a previously determined vemurafenib IC 10 of the respective cell line. After attaining confluence, the cells were repassaged and retreated with the vemurafenib IC 10 . After every three passages, the vemurafenib sensitivity was redetermined, the IC 10 was recomputed, and the process was repeated until the vemurafenib resistance was stably increased severalfold over that of the parental cells (11, 12) . The resulting vemurafenib-resistant cell lines, A375rVem and DM443rVem, were maintained in culture medium at the corresponding vemurafenib IC 10 .
Population Kinetics, Cell Survival Assays, and Drug Sensitivity-These were all performed by monitoring cell growth in real time. Briefly, melanoma cells in exponential growth were plated at 4 ϫ 10 3 cells/well of a gold-plated 96-well microtiter plate and incubated at 37°C and 5% CO 2 in a humidified atmosphere on a computer-controlled real-time automated electro-sensing platform (Acea, San Diego, CA). The impedance of each well surface, which is proportional to the number of cells on the well surface at any given time, is recorded at 15-min intervals over 7-10 days. Using a standard curve, the impedance readings were transposed into cell number and plotted against time to generate growth/survival curves. Population kinetics analysis was performed, and growth kinetic constants were computed, as we described previously (19) , using the equation, n ϭ N o e kR , where, N o is the starting cell number, N is the cell number at a given time t during the exponential growth phase, and R is the population growth rate.
To determine drug sensitivity, cells were plated, as described above, and after 24 h, they were treated with serially diluted drug solutions to achieve the following concentrations: vemurafenib (0 -20 M), cisplatin (0 -150 M), melphalan (0 -300 M), and temozolomide (0 -5 mM). Cell growth was monitored in real time, as described earlier. After normalization against controls, surviving fractions were computed and plotted against the drug concentrations to obtain a dose-response curve for each drug. IC 10 and IC 50 values, the concentration in which 90 and 50% of cells survive, respectively, were obtained through curve fitting of the dose-response curves.
Flow Cytometry and Cell Cycle Analysis-Cells of each melanoma cell line were plated in 75-cm 2 flasks under standard culture conditions, as described earlier. When the cultures were approximately 80% confluent, the cells were trypsinized, washed in PBS, fixed in 70% ethanol at 4°C for 1 h, and rehydrated in PBS. After treatment with 100 g/ml RNase A, the cells were stained with 50 g/ml propidium iodide (Sigma) for 30 min at room temperature and analyzed on a FACScan flow cytometer (BD Biosciences) at the Duke University Core Facility. Cell cycle distribution was computed using WinMDI software. The pre-G 1 phase fraction was used as the apoptotic fraction.
In Vivo Evaluation of Vemurafenib Resistance-One million cells of the parental A375 and DM443 and the vemurafenibresistant A375rVem and DM443rVem in 50 l of a (2:1) PBS/ Matrigel (BD Biosciences) were injected into the right hind limb of 8-week-old nude athymic mice (Charles River Laboratory, Wilmington, MA). Xenografts were measured daily with calipers, and the tumor volume was computed as 1 ⁄ 2(width ϫ length 2 ). When the tumors were approximately 5 mm in the greatest dimension, daily treatment with orally gavaged vemurafenib (50 mg/kg) was initiated in half of each cohort (10 treatment mice and 10 control mice/xenograft), and tumor measurement continued until study endpoints were reached (40 days after xenograft injection or maximum tumor size allowed Ն2 cm 3 ). The tumor volume was plotted against time to obtain the in vivo tumor growth curve.
Western Blot Analysis of Cell Signaling Proteins-Western blotting, performed as we described previously (20, 28) , was used to determine the levels of and changes in specific proteins in their phosphorylated and unphosphorylated forms and to determine their role in the vemurafenib resistance phenotype of the cell lines. Briefly, exponentially growing cultures of each cell line were harvested by trypsinization and lysed by sonication in PBS containing a mixture of protease inhibitors. The cell lysates were clarified by centrifugation at 14,000 ϫ g for 15 min, and the protein concentration was determined by the Bradford method (21) . Discontinuous 1% SDS-polyacrylamide gel electrophoresis, using 40 g of protein, was performed, after which the proteins were electrotransferred to PVDF membranes. The membranes were blocked with 5% BSA for 1 h at room temperature, incubated overnight at 4°C with appropriate dilutions of each primary antibody (1:1,000 for all antibodies except NRAS, which was diluted 1:500), and treated with the respective avidin-conjugated secondary antibody (1:10,000 anti-rabbit or anti-mouse) for 45 min at room temperature. Immunoreactive bands were visualized by the avidin-biotin chemiluminescence method (Pierce ECL, Thermo Scientific) and quantified by densitometry.
BRAF and NRAS Whole Exome Sequencing-Total RNA was isolated from exponentially growing melanoma cell lines using the Perfect Pure RNA isolation kit (Fisher) according to the manufacturer's protocols and 2 g of RNA in first-strand cDNA synthesis (GoScript TM reverse transcription system, Promega, Madison, WI) with oligo(dT) 20 primer, according to the manufacturer's protocols. The reaction was diluted to 25 ng of DNA/l, and 4 l of cDNA was used to set up a 50-l PCR containing 1.5 mM MgCl 2 , a 0.2 M concentration of different sets of the specific forward and reverse primers for BRAF or NRAS, 0.4 mM dNTP, 1ϫ GOTAG buffer, and 2 units of GOTAG DNA polymerase (Promega). PCR cycling conditions were as follows: 94°C for 2 min (denaturation), followed by 40 cycles of 0.5 min at 94°C, 0.5 min 55°C, and 2.5 min at 72°C, and a final extension for 7 min at 72°C. The PCR products were monitored by electrophoresis in 1.5% agarose, ethidium bromide, and UV light visualization. After purification (Qiaquick PCR purification kit, Qiagen), each DNA sample was sequenced by the Duke University DNA Analysis Facility using the Applied Biosystems Dye Terminator Cycle Sequencing sys-tem with AmpliTaq DNA polymerase and ABI 377 PRISM DNA sequencing instruments and software.
Effect of Down-regulation of NRAS and Inhibition of MAPKs on Vemurafenib Resistance-These studies were designed to determine the functionality/role of the changes in NRAS and MAPK signaling in the acquired vemurafenib resistance phenotype and whether these are drivers of the resistance in melanoma cells. To inhibit MAPK activity, exponentially growing A375, A375rVem, DM443, and DM443rVem cells were treated with a 7.5 M concentration of the ERK inhibitor AEMT, a 2.5 M concentration of the JNK inhibitor TCS JNK 60, or a 0.5 M concentration of the p38 inhibitor skepinone-L. The concentrations used had been predetermined to be non-toxic (ՅIC 10 ) and to inhibit the respective MAPK by 80% or more, relative to controls. To suppress NRAS expression, the cells were transfected with 10 nM Stealth NRAS-targeted siRNA with the sequence AGUCAUUUGCGGAUAUUAACCUCUA, using Lipofectamine, as we previously reported (28) . One hour after MAPK inhibition or 48 h after NRAS siRNA transfection, the cells were treated with vemurafenib to achieve final concentrations of 0 -10 M, and cell growth was monitored by real-time cell sensing, as described previously. Controls were untreated and vehicle-treated (for MAPK inhibitors) or transfected with scrambled NRAS siRNA (for NRAS suppression). Cell growth was monitored by real-time cell sensing, as described previously. Replicate MAPK-inhibited or NRAS siRNA-transfected cells and controls were harvested and monitored for MAPK activity, as we described earlier (28) , and for NRAS suppression by Western blotting.
Clonal Analysis of BRAF Mutation in Cell Population-A 320-base pair cDNA fragment spanning codon 600 of BRAF was synthesized from each cell line as described above, using the following primer set: 5Ј-CCGGCCGGCCGGCCGG-3Ј (forward) and 5Ј-AATTAATTAATTAATTAATTAATT-3Ј (reverse). The amplified cDNA was size-confirmed by agarose gel electrophoresis, and the PCR product was purified and cloned into the pGEM-T vector (Promega, Madison WI), according to the manufacturer's protocol, using an insert/vector ratio of 5:1 with ligation at 4°C for 16 h. JM109-competent cells were mixed with 2 l of the ligation reaction, and 100 l of the mixture was plated on an LB agar plate containing 100 g/ml ampicillin, 80 g/ml X-gal, and 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside for colony selection. After 16 h at 37°C, 20 positive clones were selected and expanded in LB medium containing 100 g of ampicillin, and the purified plasmid was subjected to DNA sequencing, as we described earlier.
RESULTS

Generation and Characterization of Acquired Vemurafenibresistant Human Melanoma Cell Lines-The in vitro vemurafenib dose-response curves for the parental A375 and DM443
and the vemurafenib-resistant A375rVem and DM443rVem are shown in Fig. 1 . From the survival curves, we computed the respective IC 10 and IC 50 values to be 0.05 and 0.8 M for A375, 3 and 11.3 M for A573rVem, 0.06 and 0.85 M for DM443, and 3 and 6.6 M for DM443rVem, respectively. Based on the IC 50 values, A375rVem was 14.1-fold and DM443rVem was 7.8-fold more resistant than the respective parental cell lines ( Table 1) .
Removal of vemurafenib from the culture medium for five passages on vemurafenib sensitivity of the resistant cell lines had no statistically significant effect on the vemurafenib IC 50 for A375rVem and DM443rVem, relative to those of the parental cell lines. Both A375rVem and DM443rVem were maintained routinely in 3 M vemurafenib.
Acquired Resistance to Vemurafenib Is Associated with Collateral Resistance to DNA-damaging Chemotherapeutic Agents-The parental cell lines, A375 and DM443, and their acquired vemurafenib-resistant sublines, A375rVem and DM443rVem, were examined for their sensitivity to three vemurafenib-unrelated DNA-damaging anticancer agents used in melanoma therapy, namely cisplatin, melphalan, and temozolomide. The results, summarized in Fig. 2 , show that, in contrast to the parental cell lines, both vemurafenib-resistant cell lines were significantly cross-resistant to all three cytotoxic agents, despite their structural and mechanistic unrelatedness to vemurafenib. Table 2 shows the IC 50 values of A375 to increase from 0.6 M (cisplatin), 2.3 M (melphalan), and 0.2 mM (temozolomide) to 2.1 M (cisplatin), 14.6 M (melphalan), and 1 mM (temozolomide) in A375rVem and Table 3 and show that, with the acquisition of vemurafenib resistance, the population (Table 3 ) are consistent with the altered growth rates of the cell lines following acquisition of vemurafenib resistance. In both cell lines, the apoptotic fractions (pre-G 1 ) were very low (Ͻ0.1% for A375/A375rVem and Ͻ3% for DM443/DM443rVem), and the proportion of cells in G 1 decreased by approximately 25% in both parental cell lines relative to the resistant cell lines. In contrast, the proportion of S-phase cells increased 1.8-fold for A375/A375rVem and decreased 2.7-fold for the DM443/DM443rVem pair, consistent with their increased and decreased growth rates, respectively, observed in the population kinetic studies. Sensitivity of Melanoma Cells to Low Dose Vemurafenib-Metronomic drug therapy has been proposed as a therapeutic strategy in melanoma (22) . We therefore examined the sensitivity of the parental cell lines, A375 and DM443, and their acquired vemurafenib-resistant counterparts, A375rVem and DM443rVem, to low dose (0 -2.5 M) vemurafenib. The results, summarized in Fig. 3 , show that, in contrast to the acquired vemurafenib-resistant cell lines, A375rVem and DM443rVem, the parental cell lines, A375 and DM443, were highly sensitive to vemurafenib, whereas the resistant cell lines maintained their resistance over the entire low vemurafenib concentration range.
Acquired Vemurafenib Resistance in Vivo- Fig. 4 summarizes the results of the in vivo characterization of the growth and response to vemurafenib of parental A375 and the vemu- rafenib-resistant counterpart, A573rVem. The in vivo growth rate in nude mice was higher for A375rVem (104 mm 3 ⅐day Ϫ1 ) than for A375 (68 mm 3 ⅐day Ϫ1 ) after 12 days of growth, and the size of the A375rVem xenograft was 1.8-fold greater than that of the parental A375. Following treatment with a single dose of vemurafenib, the growth rate and size of the A375 xenograft decreased dramatically. In contrast, for A573rVem, vemurafenib had no effect on the growth rate or size of the xenografts over the 12 days of in vivo growth. Vemurafenib Resistance Is Associated with Activation of All Three MAPKs-Previous studies have reported increased activation of the ERK pathway in vemurafenib-resistant melanoma (11, 12, 23) . The role of other MAPKs in the context of vemurafenib resistance, however, is relatively unknown, although it is well established that the different MAPKs overlap function-ally and can mediate cellular response to therapy. We therefore investigated changes in the levels and activation states of all three major human MAPKs in the parental and vemurafenibresistant cell lines. The results, shown in Fig. 5 and Table 4 , demonstrate a significant and consistent increase in the levels of the phosphorylated/activated forms of the three MAPKs, ERK, JNK, and p38, in the acquired vemurafenib-resistant cell lines compared with the parental cell lines. Because GSTP1 is a negative regulator of cellular MAPKs, we examined the levels of GSTP1 in the cell lines to determine whether this could contribute to the decreased MAPK activation observed in the resistant cell lines. The results, also in Fig. 5 , demonstrated that although GSTP1 was expressed in both parental and resistant cell lines, the levels were lower in the acquired vemurafenib-resistant cell lines and correlated Table 4 .
TABLE 4 Changes in total and activated MAPKs and RAS-associated proteins following acquisition of vemurafenib resistance in A375 and DM443 melanoma cells
Western blot bands were quantified by densitometry and used to compute the phosphoprotein/protein or the protein/GAPDH ratios. Each value is the mean of triplicate determinations Ϯ S.D.
A375
A375rVem with the higher activated MAPK levels in them, relative to the parental cell lines. RAS/RAF Pathway in Acquired Vemurafenib-resistant Melanoma Cells-Activating mutations in NRAS have been implicated in vemurafenib resistance in melanoma (11) Consequently, we examined the paired parental and acquired vemurafenib-resistant cell lines for both the level of NRAS and the mutational status of the NRAS gene. The results of the Western blot analysis (Fig. 5B ) showed significantly higher levels of NRAS in the resistant cell lines, A375rVem and DM443rVem, compared with the almost undetectable levels in their corresponding parental cell lines, A375 and DM443. Despite the high levels of NRAS protein, whole exome sequencing of the NRAS gene showed no mutations in either the parental or the vemurafenib-resistant cell lines.
We also examined the levels and activation states of the three RAF isoforms, ARAF, BRAF, and CRAF. The results (Fig. 5B ) showed ARAF to be expressed at high levels in all of the cell lines, and, despite these high ARAF levels, phosphorylated (i.e. activated) ARAF was not detectable in any the cell lines, parental or resistant. Similar to ARAF, high levels of CRAF were present in all of the cell lines. In contrast, however, compared with their parental counterparts, phosphorylated CRAF was increased only modestly in DM443rVem but not in A375rVem. Consistent with the presence of the mutant V600E BRAF, all of the cell lines expressed high levels of BRAF.
Down-regulation of NRAS Reverses Acquired Vemurafenib Resistance in Melanoma Cells-To further investigate the link between the increased NRAS expression and increased activation of the MAPKs as a mechanism of acquired vemurafenib resistance in the melanoma cell lines, we examined the effects of suppressing NRAS on the phosphorylation/activation of each MAPK (ERK, JNK, and p38) and AKT and on the vemurafenib resistance phenotype in both A375rVem and DM443rVem. The results are summarized in Fig. 6 and confirmed Tables 5 and 6. Fig. 6A shows a complete knockdown of NRAS expression in the cells of both resistant cell lines 48 h after transfection with 10 nM NRAS siRNA. As Fig. 6 shows, in A375rVem and DM443rVem, NRAS suppression had no effect on total levels of all three MAPKs and AKT compared with controls without NRAS suppression. However, in both cell lines, suppression of NRAS was associated 
TABLE 5 Effect of siRNA-mediated knockdown of NRAS on phosphorylation state of ERK, JNK, p38, and AKT in vemurafenib-resistant cell lines, A375rVem and DM443rVem
Cells were transfected with 10 nM NRAS-targeted siRNA for 48 h and then examined for each protein and phosphoprotein or for sensitivity to vemurafenib. Cell survival was monitored by real-time cell sensing, as described under "Experimental Procedures." Controls were transfected with scrambled siRNA, and the results were normalized against those of untreated cells. Fig. 5 and Table 4 , we showed earlier that the acquisition of vemurafenib resistance in both A375rVem and DM443rVem cell lines was associated with significantly increased activation/phosphorylation of the MAPKs. To further examine the mechanistic role of the MAPKs in the acquired vemurafenib resistance, we treated A375rVem and DM443rVem cells with specific inhibitors of each of the three MAPKs, ERK, JNK, and p38, and examined the effect on their vemurafenib sensitivity. Table 7 shows the effects of the MAPK inhibitors on the activity of the respective MAPK in the cell lines. Relative to controls, each MAPK was inhibited to levels that ranged between 75% and over 90%. Table 8 summarizes the effects of the MAPK inhibitors on the vemurafenib sensitivities of the cell lines and shows that, for each of the MAPKs, the inhibition was associated with a significant decrease in the vemurafenib IC 50 in the resistant but not in the parental cell lines. Thus, for A375rVem, based on the IC 50 values, vemurafenib sensitivity increased by 3.76-, 3.92-, and 2.27-fold, respectively, upon treatment with the ERK inhibitor AEMT, the JNK inhibitor TCS JNK 60, and the p38 inhibitor skepinone-L. The vemurafenib sensitivities of the parental A375 were only modestly increased upon treatment with the three inhibitors by 1.29-fold for AEMT, 1.25-fold for TCS JNK 60, and 1.08-fold for skepinone-L. The results with DM443 and DM443rVEM were similar to those of A375/A375rVem. Vemurafenib sensitivity increased by 3.67-, 3.62-, and 3.77-fold, respectively, for AEMT, TCS JNK 60, and skepinone-L for DM443rVem and only by 1.26-, 1.23-, and 1.37-fold for the parental DM443.
MAPK/AKT phosphorylation
MAPK Inhibition Enhances Sensitivity of Resistant Cells to Vemurafenib-In
Loss of Genetic Heterogeneity in V600E BRAF Is Associated with Acquired Vemurafenib Resistance in Human Melanoma
Cell Lines-As stated earlier, whole exome sequencing showed V600E to be the only mutation in the BRAF gene in all of the cell lines. A closer examination of the sequencing results, however, showed that the parental DM443 cell line harbored both wild-type and V600E mutant BRAF, in contrast to the parental A375 and the two acquired vemurafenib-resistant cell lines, A375rVem and DM443rVem, which were homogeneous for V600E BRAF. Thus, the BRAF heterogeneity of DM443 was lost in the transition to the resistant cell line, DM443rVem. To further examine this, we subcloned each of the cell lines and sequenced 20 clones of each. The results (Fig. 7) confirmed that 
Effect of siRNA-mediated knockdown of NRAS on vemurafenib sensitivity in A375rVem and DM443rVem and their parental counterparts
Cells were transfected with 10 nM NRAS-targeted siRNA for 48 h and then examined for each protein and phosphoprotein or for sensitivity to vemurafenib. Cell survival was monitored by real-time cell sensing, as described under "Experimental Procedures." Controls were transfected with scrambled siRNA, and the results were normalized against those of untreated cells. 
TABLE 7 Effect of MAPK inhibitors on MAPK activity in parental and acquired vemurafenib-resistant melanoma cell lines
Extracts of cells treated with non-toxic (ϽIC 10 ) concentration of each MAPK inhibitor or vehicle (control) for 1 h were examined for level of MAPK activation. 
Inhibitor
TABLE 8 Effect of MAPK inhibitors on vemurafenib sensitivity of parental A375 and DM443 and their vemurafenib-resistant counterparts, A375rVem and DM443rVem
Cell survival was monitored by real-time cell sensing, as described under "Experimental Procedures." Controls were treated with vehicle, and the results were normalized against those of untreated cells. the paired parental and vemurafenib-resistant A375 harbored only the V600E BRAF gene but that the parental DM443 cell line was biclonal and contained two subpopulations of cells, one with wild-type BRAF and the other with the V600E BRAF (Fig.  7, top) . This V600E BRAF biclonality of DM443 was lost upon acquisition of BRAF resistance (Fig. 7, bottom) .
Inhibitor
DISCUSSION
Acquired resistance to the second generation BRAF inhibitor, vemurafenib (PLX4032), is a major factor limiting successful, long term targeted therapy for patients with malignant melanomas that harbor the V600E BRAF mutation (10). Consequently, much effort is being directed at unraveling the cellular and molecular mechanisms involved in resistance to BRAF-targeted therapy in these tumors (11) (12) (13) (14) (15) . The present study is a contribution to these efforts, and the results provide important novel insight into the complexity of the vemurafenib resistance phenotype in melanoma and advance the basis upon which such resistance may be overcome clinically. To mimic the clinical situation in which resistance to vemurafenib frequently occurs after the initial response to vemurafenib therapy, we induced vemurafenib resistance in two vemurafenibsensitive human melanoma cell lines, A375 and DM443, both harboring the V600E BRAF mutation, by continuous exposure of the cells to vemurafenib in vitro. Using the resulting vemurafenib-resistant cell lines and their parental counterparts, we investigated mechanisms, in particular those related to MAPK and RAS/RAF signaling, associated with the acquisition of vemurafenib resistance.
A main and novel finding in this study is that all three major human MAPKs, ERK, p38, and JNK, were significantly activated with the acquisition of vemurafenib resistance in the cell lines. These findings are noteworthy in the context of the current body of literature pertaining to the MAPK pathway in the setting of vemurafenib resistance in melanoma, which have focused, primarily, on ERK and its upstream kinase, MEK (11, 12, 23) . Our findings are the first to demonstrate that significant simultaneous activation of all three MAPK families occurs upon acquisition of vemurafenib resistance in melanoma cells. For p38, these observations are consistent with previous reports of activation of both ERK and p38 in melanomas, especially those with BRAF or RAS mutations; this positive feedback loop between p38 and ERK induces a prosurvival state that could contribute to vemurafenib resistance (24, 25) . This is particularly interesting and contrasts with carcinomas in which the enhanced activation of ERK and p38 has been reported to be mutually exclusive (24, 25) . Similarly, the activation of JNK in the acquired vemurafenib-resistant melanoma cells observed in this study is consistent with a previous report that activated ERK increases activation of the transcription factor c-Jun, the downstream target of JNK, and links ERK and JNK signaling in a prosurvival context (26) .
Associated with the increased MAPK activation, we observed a significant decrease in the level of the protein, glutathione S-transferase P1, or GSTP1, a major negative regulator of cellular MAPK signaling, which, at high levels of expression is frequently associated with treatment failure and poor patient survival in a variety of human cancers (27) (28) (29) (30) (31) . The role of GSTP1 in the regulation of MAPK-mediated drug resistance is complex because of the dual nature of MAPKs in cell survival and apoptosis (13) . In the appropriate cellular context, modest decreases in GSTP1 can enhance cell survival by increasing MAPK activation, as is the case in the acquired vemurafenib resistance in melanoma cells in this study. Significant or complete suppression of GSTP1, on the other hand, can lead to high proapoptotic levels of MAPK activation, as we have shown elwewhere. 3 Using targeted specific MAPK inhibitors, we showed, in this study, that, in both A375/A375rVem and DM443/DM443rVem cell line pairs, MAPK inhibition results in significant reversal of vemurafenib resistance in the vemurafenib-resistant melanoma cells but not in the parental vemurafenib-sensitive cells. This is consistent with the increased MAPK activation that we observed in the former compared with the latter. The findings are also consistent with a recent report that genetic knockdown of ERK1 and ERK2 increased vemurafenib sensitivity of A375 cells (32) . The findings in this study and those in the literature allow us to postulate that the acquisition of vemurafenib resistance in melanoma cells results, at least partially, from the activation of all of the three MAPKs, ERK, JNK, and p38.
Another important novel finding in this study is that intracellular levels of NRAS increased significantly with the acquisition of vemurafenib resistance and that this occurred without mutation(s) in the NRAS gene. This contrasts with previous observations that increased NRAS levels in vemurafenib-resistant melanoma cells result from activating NRAS mutations (11) . Interestingly, consistent with our findings, a study of primary specimens of 18 oral melanomas showed high NRAS protein levels, although the majority of the tumors harbored no NRAS gene mutations (33) .
Our findings of increased NRAS and increased MAPK signaling in the acquired vemurafenib-resistant melanoma cells are consistent with previous reports that elevated NRAS, with OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40
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or without activating NRAS mutations, activates downstream targets of the MAPK pathway (11, 34) . To confirm the functionality of elevated NRAS in driving the resistance phenotype, we showed that suppression of NRAS decreased vemurafenib resistance significantly in vemurafenib-resistant A375rVem and DM443rVem cells, whereas the vemurafenib sensitivity of the parental cell lines, with barely detectable NRAS expression, remained, essentially, unchanged. In both A375rVem and DM443rVem, we also showed that NRAS suppression resulted in significant decreases in the level of activation of all three MAPKs. These findings support a mechanistic link between elevated NRAS and increased MAPK signaling in the acquired vemurafenib resistance phenotype in melanoma cells.
We also showed that, in addition to the increased MAPK activation and NRAS expression, the acquisition of vemurafenib resistance was associated with an increase in activated AKT, which shifts the PI3K pathway toward a prosurvival state and, thus, could be a contributing factor to the acquired vemurafenib resistance phenotype in A375rVem and DM443rVem. This is consistent with recent findings that the PI3K-AKT pathway is a critical regulator of MEK-targeted therapy in V600E BRAFϩve melanoma cells (35, 43) .
To better understand the basis for the observed up-regulated NRAS in the absence of any mutations, we examined the levels and activation states of other RAF family members, specifically ARAF and CRAF, in the vemurafenib-resistant cells. In the context of vemurafenib resistance, ARAF and CRAF can also activate downstream targets of the BRAF-MEK-ERK signaling axis (12) . Our results showed that ARAF was expressed but not phosphorylated in both the sensitive and resistant cell lines, indicating that ARAF activation may not be involved in the acquisition of vemurafenib resistance in these melanoma cell lines. The results for CRAF, however, were inconclusive and showed that, although unphosphorylated Ser-259 CRAF was present at high levels in both A375-and DM443-sensitive and -resistant cell lines, the ratio of phosphorylated to unphosphorylated CRAF was higher for the parental A375 than for its resistant counterpart, A375rVem. This finding was reversed for the DM443 cell line. At least for DM443, this is consistent with previous reports indicating that Raf-1 activity is inhibited by phosphorylation of CRAF Ser-259, and that this causes a decrease in ERK activation and cellular mitotic activity (36) . Although these results are not conclusive with respect to the role of the RAS-related proteins in the acquired vemurafenib resistance observed in this study, they demonstrate the complexity of the vemurafenib resistance phenotype and suggest that, at least for some tumors, the acquisition of vemurafenib resistance may be related to a decrease in the level of inhibitory (Ser-259-phosphorylated) CRAF. It remains to be established, however, whether direct activation of CRAF may be more relevant than the inhibitory CRAF regulation as a mechanism of vemurafenib resistance in such tumors.
The absence of a secondary or gatekeeper mutation in the BRAF gene, other than the V600E in exon 15, in the setting of resistance to BRAF-targeted agents, such as vemurafenib, observed in this study, is similar to that in previous reports (11) (12) (13) 23 ). An interesting observation in this study was that the DM443 parental cell line consisted of two heterogeneous subpopulations of V600Eϩve and wild-type BRAF cells. Our data showed that, upon acquisition of vemurafenib resistance, this transitioned to a single population of V600E BRAFϩve cells, similar to the parental and vemurafenib-resistant A375. Following NRAS suppression, both A375rVem-and DM443rVemresistant cell lines showed similar decreased levels of MAPK activation and similar increased sensitivities to vemurafenib. These findings are significant and suggest that, regardless of whether a tumor initially has a mixed wild-type and V600E BRAF or a homogeneous mutant BRAF population, upon failure of vemurafenib therapy, a similar strategy, targeting NRAS and/or MAPK, might be effective. Future studies in our laboratory, using differential cell fractionation and reverse genetic approaches, should help to establish the basis for the loss of BRAF genetic heterogeneity in DM443 and whether different therapeutic strategies are required to target the different subpopulations of tumor cells.
Clinically, approximately 15% of patients with V600E BRAFϩve melanoma fail to respond to initial vemurafenib therapy (10, 35) . Our findings in this study suggest that the mechanisms that drive vemurafenib resistance acquired after initial response to vemurafenib therapy may be unique and are associated with increased activation of all three MAPKs, ERK, JNK, and p38, and increased expression of NRAS and possibly CRAF as well as with high levels of the prosurvival phospho-AKT. These data suggest that different strategies may be required for the effective treatment of melanoma patients and may depend on the history of previous vemurafenib exposure. This concept is reinforced by a phase II study that showed previous vemurafenib exposure to portend a poor therapeutic response to MEK inhibitors (36, 37) . In that study, MEK inhibitors given in sequence with vemurafenib improved progression-free overall survival and response rates in vemurafenibnaive patients but not in patients who had failed prior vemurafenib therapy.
The increased growth of vemurafenib-resistant melanoma cells in the presence of vemurafenib that we observed in this study, although intriguing, has also been reported in other studies (11, 13) . In the clinical setting, this argues against the continuation of vemurafenib treatment in, and questions the utility of dose-escalating regimens that have been proposed for, melanoma patients whose disease has progressed in the face of vemurafenib therapy (11) (12) (13) .
Current efforts to develop strategies for overcoming or delaying acquired resistance to vemurafenib that have focused, primarily, on using a second targeted agent, such as a MEK or AKT inhibitor, have, to date, not been very successful in patients with advanced melanoma (11-13, 15, 38 -42) . This raises the question of whether other approaches, such as combination of BRAF-targeted agents with chemotherapy, might be more efficacious. Our findings of collateral resistance of acquired vemurafenib-resistant melanoma cells to cisplatin, melphalan, and temozolomide, however, suggest that in acquired vemurafenib resistance, a combination BRAF-targeted therapy with chemotherapy is, similar to observations with the MEK inhibitor combinations (39) , not likely to be clinically efficacious. In this context, it was interesting that, although, in both cell lines, collateral resistance to cisplatin, melphalan, and temozolomide increased upon acquisition of vemurafenib resistance, A375 was, overall, much more sensitive than DM443 to the three agents. The basis for the differences in sensitivity/resistance to chemotherapy is unclear; however, it is likely to be due, in part, to the fact that with the development of vemurafenib resistance, the growth rate and proportion of S-phase cells increased in A375 and decreased in DM443, given that rapidly growing cells are, generally, more sensitive to alkylating/DNA-damaging agents. It is also possible that differences exist between the cell lines in other mechanisms, such as DNA repair, that do not affect vemurafenib resistance but are determinants of sensitivity to these agents. Further studies, in vitro and in vivo, will be necessary to better characterize the phenomenon of cross-resistance to these chemotherapeutic agents in the setting of vemurafenib resistance and to determine whether the combination of BRAF-targeted therapy and chemotherapy can be optimized to be clinically efficacious.
In summary, the findings in this study provide insights into the complexity of the targeted BRAF drug-resistant phenotype in melanoma and provide some basis for rationally developing strategies to overcome it clinically.
